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Abstract 
Global sea level rise in the satellite altimetry era is about 3 mm/yr. The one of main source of uncertainty of global sea 
level is the wet tropospheric from onboard microwave radiometer which is up to 0.3 mm/yr.  The focus of this study is 
to assess of various wet tropospheric correction impact on sea level anomaly in the Indonesian seas. The result of sea 
level anomaly linear trend difference between Global Navigation Satellite System and Microwave Radio Meter or 
ECMWF Re-Analysis Interim is 0.18 mm/yr in agreement with the global wet tropospheric uncertainty. 
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INTRODUCTION 
 
The long-term sea level change is an 
indicator for climate change and variability due to 
its close relation with the ocean, cryosphere, 
hydrosphere and atmosphere systems. According 
to the Fifth Assessment Report (AR5) of the 
Intergovernmental Panel on Climate Change 
(IPCC), the projection of sea level rise in 2100 
ranges from 44 to 74 cm (Church et al., 2013). 
This prediction may be an important sign, 
particularly for countries located in low-lying 
areas. Sea level change is likely to have a 
significant impact on socio-economics, 
infrastructure and environment due to land-loss, 
particularly in the coastal areas where human 
activities are more concentrated. Sea level rise 
can cause inundation of low-lying coastal, 
extreme sea level, flooding, salt seawater 
intrusion into surface water and aquifers 
(Nicholls dan Cazenave, 2010; Poerbandono, 
Handoko dan Adytia, 2018). 
Globally, sea level has been rising up to 
3.4 mm/year according to the satellite altimetry-
derived (Ablain et al., 2015). However, sea level is 
not rising uniformly across the globe. Some areas 
have higher rates of sea level variation, such as 
the Southern Indian Ocean and the Western 
Pacific Ocean (Church et al., 2006). 
Regarding the global mean sea level 
(GMSL) trend, an uncertainty of 0.5 mm/year was 
estimated over the satellite era (1993 – 2015) 
within a confidence interval of 95% (Ablain et al., 
2016). The radiometer wet tropospheric correction 
(WTC) is one of the main error sources affecting 
the mean sea level with a drift uncertainty in range 
of 0.2 - 0.3 mm/year (Ablain et al., 2009; Legeais et 
al., 2014).  This correction is potentially 
contaminated by long-term instrumental drift, such 
as the changes of internal temperature due to yaw 
maneuvers (Desain dan Haines, 2004; Scharroo et 
al., 2004). Calibrations with external 
measurements are periodically performed to 
detect drifts on the on-board microwave 
radiometers (MWR). The algorithms used to 
retrieve the WTC from the measured brightness 
temperatures of the various MWR channels 
assume a constant surface ocean emissivity and 
are valid for ocean conditions, light rain and wind 
speed lower than 20 ms-1. Therefore, in the 
presence of surfaces with different emissivity (such 
as land or ice) the measurements become invalid, 
particularly in coastal and Polar Regions (Fernandes 
et al., 2015). 
In the open ocean, the WTC can be 
retrieved within a few cm accuracy using on-board 
microwave radiometers. However, this does not 
proper to the coastal regions. The differences 
between ocean emissivity (around 0.5) and land 
emissivity (around 0.9) cause the radiometer 
footprint, as it approaches the coast, to contain 
portions of surfaces with different emissivity. 
Therefore, the WTC ocean retrieval algorithm 
originates invalid measurements in the regions 
close to the coast or land. 
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As an alternative to the WTC from on-
board microwave radiometers, a number of 
atmospheric models, such as European Centre for 
Medium-Range Weather Forecasts (ECMWF) and 
National Centers for Environmental Prediction 
(NCEP), which provide data on regular grids, can 
be used to derive tropospheric path delays. 
Another method for deriving WTC can use the 
Global Navigation Satellite System (GNSS) data. 
Apart from determining the position and time, 
the GNSS allows the determination of zenith total 
delays at station height with an accuracy of a few 
millimeters (Fernandes et al., 2010; 2013; 2015).  
Considering impact of WTC on sea level 
variability particularly in coastal region, the 
objective of this study is to assess of various WTC 
in determination of sea level variability in the 
Indonesian seas. 
   
STUDY AREA: INDONESIAN SEAS 
 
Indonesia is characterized by its unique 
geographical and geophysical setting. Indonesia 
consists more than 17,000 islands, 5.8 million km2 
of sea area and 81,000 km of coastline. The 
Indonesian seas are the oceanic pathway for the 
Pacific and Indian inter-ocean exchange; it is 
called the Indonesian Throughflow (ITF) (Gordon, 
2005). The ITF brings warm and fresh water from 
the west Pacific Ocean into the southeast Indian 
Ocean through the passages between the islands 
of the Indonesian archipelago.  the Makassar 
Strait is a primary inflow and outflow through the 
Lombok Strait directly to Indian Ocean and 
through the Banda Sea, the Flores Sea, the 
Ombay Strait and the Timor Passage before goes 
to the Indian Ocean (Sprintall et al., 2014). The 
fresh water and low-salinity from the South China 
Sea (SCS) flows through the Karimata Strait and 
the Java Sea; thus mixing into the primary ITF 
inflow in the southern Makassar Strait (Wei et al., 
2016).   
The tropical Pacific and Indian Ocean regions 
have high sea level variability associated with 
atmosphere-ocean phenomena such as the 
ENSO, the Indian Ocean Dipole (IOD) and the 
Asian-Australian monsoon (Church dan White, 
2006; England dan Huang, 2005). The Indonesian 
seas, located between the Pacific and Indian 
oceans are strongly impacted by ENSO (Handoko 
et al., 2017). 
The study area is in the Indonesian seas for the 
latitude range 20oN – 20oS and longitude range 
90oE – 150oE and covers all the Indonesia seas 
surrounded by the west Pacific Ocean, the eastern 
Indian Ocean and the South China Sea (shown at 
Figure 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Along-tracks of TOPEX/Poseidon, Jason-1 and 
Jason-2 altimeter over the Indonesian seas 
 
SEA LEVEL ANOMALY 
 
The era of satellite altimetry carried out a 
revolution in sea level measurement. 
TOPEX/Poseidon (T/P), Jason-1, Jason-2 and Jason-
3 measure the entire global sea level up to ±66° 
latitudes in 9.99 days, providing precise and 
continuous datasets for sea level studies with 
global coverage and moderate spatiotemporal 
resolution. 
A satellite altimeter measures the vertical range 
between the satellite and the sea surface. It 
transmits a short pulse of microwave radiation 
from the on-board radar antenna toward the sea 
surface, part of the signal being reflected back to 
the satellite. By measuring the two-way travel time 
of the signal, the range can be determined. Thus, 
the sea-surface height (SSH) is obtained by the 
difference between the satellite height above the 
reference ellipsoid and the range of the satellite to 
the sea surface.  
However, several corrections have to be applied to 
the observed altimeter range, before it can be used 
to determine the sea surface height (SSH). For 
studies of sea surface height variations, it is often 
more convenient to refer the sea surface height to 
the mean sea surface height rather than to the 
geoid, thus generating the sea level anomalies 
(SLA) (Andersen and Scharroo, 2011). By 
subtracting the mean sea surface from SSH, the 
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temporal mean of the dynamic sea surface height 
is removed.  
The determination of SLA from altimeter 
measurements requires the correction for all 
instrument, range and geophysical corrections. 
SLA is estimated as follows:  
    (1) 
where H is satellite height above a reference 
ellipsoid, R is corrected altimeter range (including 
instrumental effect),  hdry (dry tropospheric 
correction), hwet (wet tropospheric correction), 
hiono (ionospheric correction) and hSSB (sea 
state bias) are range corrections due to the 
interaction between the radar signal with the 
atmosphere and with the sea surface, hDAC 
(dynamic atmospheric correction) and htides (tides: 
ocean, load, solid earth, and pole) are corrections 
related with geophysical phenomena. All values 
must be given in a fixed coordinate system based 
on a mathematical determinable ellipsoid model 
of the Earth. 
 
WET TROPOSPHERIC CORRECTION 
 
For the long-term estimation of sea level, it is 
important to ensure the consistency and stability 
of altimetry measurements. One factor that 
causes uncertainty in satellite altimetry is the 
path delay due to water vapor in the 
atmosphere; this is called WTC.  
The wet troposphere path delay affects the 
altimeter range. Although the absolute value of 
the WTC is only about 50 cm, it has high 
variability, both in space and time, thus not being 
easy to model; it needs more attention in order 
to estimate the wet troposphere path delay with 
enough accuracy for satellite altimetry.  The 
maim problems of the wet path delay modeling 
in altimeter studies mostly occur at coastal 
regions. The land’s effect on the radiometer-
derived wet tropospheric correction decreases 
the accuracy of this correction in these regions. 
The discrepancy of the emissivity between ocean 
and land on the altimeter footprint near the 
coast causes the algorithms used to retrieve the 
WTC to output invalid measurements. 
 
 
WTC from on-board Microwave Radiometer, 
Numerical Weather Model and GNNS 
 
The wet tropospheric correction is computed from 
the onboard MWR of satellite altimeter by 
measuring the brightness temperature (TBs) at two 
or three frequencies in the range of 18 and 37 GHz, 
in spectral bands sensitive to water vapor and 
cloud liquid water. TOPEX/Poseidon carried the 
three-channel TOPEX Microwave Radiometer 
(TMR), which operated at 18, 21 and 37 GHz. 
Meanwhile, Jason-1 brought the Jason-1 
Microwave Radiometer (JMR) and Jason-2 carries 
the Advanced Microwave Radiometer (AMR) which 
operates at 18.7, 23.8 and 34 GHz. The algorithm 
for the TMR/JMR/AMR performs the retrieval in 
three steps: (1)a term analogous to a surface 
“radiometer wind” and a term due to cloud liquid 
water are estimated using a linear combination of 
the TBs from the 3 channels; (2)  a first 
approximation of the wet path delay is estimated; 
(3) the wet path delay is obtained by adding to the 
cloud liquid water term, a term obtained from a 
log-linear combination of the TBs from the 3 
channels, with coefficients depending on the 
“radiometer wind” and wet path delay class 
interval obtained in the first two steps (Keihm and 
Ruf, 1995).  
WTC also can be determined using global 
atmospheric model data, such as ECMWF which 
provides two of global 0.125o×0.125º grids for the 
Operational model and 0.75o×0.75º grids for ERA 
Interim of several atmospheric parameters every 6 
hours and NCEP (Dee et al., 2011). Both models 
provide global grids of sea level pressure, total 
column water vapor (TCWV) and surface 
temperature (2-m temperature, 2T). These 
parameters can be used to compute the wet 
tropospheric correction. 
The following equation is usually used to estimate 
WTC as is a function of various physical constants 
and of the weight mean temperature Tm of the 
atmosphere. The WTC can be estimated from 
TCWV and Tm using the equation (Bevis et al., 
1994): 
 
  
      (2) 
 
    (3) 
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where Tm is the mean temperature of the 
troposphere, which may be in turn modeled from 
the surface temperature (T0) (Mendes et al., 
2000), TCWV is the total water vapor contained in 
an air column from the Earth’s surface to the top 
of the atmosphere and is usually expressed in 
kg/m2 or millimeters (mm), T0 in kelvin, TCWV in 
millimeters and WTC in meters. 
Aiming at reducing the WTC errors, particularly in 
coastal regions where the on-board microwave 
radiometer measurements become invalid due to 
land contamination in the radiometer footprint, 
the Global Navigation Satellite System (GNSS)-
derived Path Delay (GPD+) algorithm was 
proposed by the University of Porto, Portugal 
(Fernandes et al., 2010). The GNSS-derived Path 
Delays (GPD+) methodology is based on the 
combination, by objective analysis (OA), of wet 
path delay observations from various sources 
(valid MWR measurements at the nearby points 
and ZWD derived from GNSS datasets), to update 
a first WTC guess value given by an atmospheric 
model, more detail please see Fernandes dkk 
(2015). 
 
ASSESSMENT OF WTC ON SEA LEVEL ANOMALY 
 
To assess the various wet tropospheric 
corrections, the analyses of the coastal effects on 
satellite altimetry using SLA variance were 
performed. The assessment was based on SLA 
variance analyses, in particular along-track 
analysis function of distance from the coast.  
The assessment of the WTC has been performed 
by means of a set of statistical analyses of SLA 
variance: SLA along-track variance differences; 
weighted mean values per cycle (weights function 
of the co-sine of latitude) and at collocated points 
function of distance from the coast. SLA WTC 
datasets are first derived, for each cycle, using the 
standard geophysical corrections under 
comparison, for detail see in Handoko, Fernandes, 
Lazaro (2017). Then, the difference between the 
variance of each SLA WTC dataset, computed 
using all along-track points, is estimated for each 
cycle. The variance of collocated along-track SLA 
measurements for a given period and using each 
WTC is computed in bins of distance from coast 
and then the differences considered. 
In this paper, Altimeter data were used: 
TOPEX/Poseidon (cycles 11-353), Jason-1 (cycles 
11-248) and Jason-2 (cycles 10-312), SLA was 
determined for 24 years period (1993-2016).  Data 
altimeter (TOPEX/Poseidon, Jason-1 and Jason-2) 
have been extracted from the Radar Altimeter 
Database System (RADS). 
In order to assess the quality of various WTC on 
altimeter data, analyses of SLA variance, derived 
from different datasets, has been performed. 
Based on Equation (1), SLA datasets have been 
computed using parameters as shown in Table I. 
  
TABLE 1 Selected range and geophysical corrections and mean sea surface model for determining SLA 
around the Indonesian seas  
Parameter 
 
Missions 
TOPEX/Poseidon Jason-1 Jason-2 
Year 1993-2002 2002-2008 2008-2016 
Cycles 011-353 011-248 010-312 
Dry Troposphere ERA-Interim ERA-Interim ERA-Interim 
Wet Troposphere ERA/MWR/GPD+ ERA/MWR/GPD+ ERA/MWR/GPD+ 
Ionosphere 
Smoothed Dual 
Frequency 
Smoothed Dual 
Frequency 
Smoothed Dual 
Frequency 
Sea state Bias CLS Tran2012 Model Tran2012 Model 
Ocean & Load tide  GOT 4.10 GOT 4.10 GOT 4.10 
Mean Sea Surface CNES CLS 2011 CNES CLS 2011 CNES CLS 2011 
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Figure 2 illustrates the SLA variance differences of 
WTC (cm2), function of distance from coast, GPD+ 
– ERA Interim (orange), GPD+ – MWR (blue) and 
ERA – MWR (cyan) . This figure shows that for 
TOPEX/Poseidon, the wet tropospheric correction 
from GPD+ reveals a significant improvement with 
respect to the MWR correction present in RADS, 
particularly near the coast for distances less than 
25 km and still has a small improvement with 
respect to ERA-Interim (less than 2 cm2). This is 
due to the presence of land contaminated and 
erroneous measurements due to instrument 
improperness present in TOPEX/Poseidon data. 
The GPD+ WTC reduces the SLA variance with 
respect to the ERA model (about 6 cm2) for Jason-
1 and Jason-2. Regarding the comparison with the 
MWR-derived WTC, for Jason-1, the GPD+ 
correction shows a significant improvement 
(average differences of 4 cm2) and ERA correction 
does not show an improvement.  GPD+ correction 
shows a smaller improvement (less than 3 cm2) for 
Jason-2 and MWR has an improvement with 
respect to ERA-Interim due to already has 
improvement for coastal regions (Brown, 2010).
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. SLA variance differences of WTC (units in cm2) function of distance from coast, SLAGPD+ – SLAERA 
(orange), SLAGPD+ – SLAMWR (blue), and SLAERA – SLAMWR (cyan) 
 
The trend and seasonal signal effects were 
modelled using a Seasonal-Trend Decomposition 
Procedure based on Loess (STL) (Cleveland et al., 
1990). It can be observed that these series are 
significantly different from the global one. SLA 
time series have been smoothed prior to the 
signal decomposition to account for the 59-day 
signal apparent in the GMSL record. Finally, the 
linear sea level trend was determined by original 
least squares (OLS) of the inter-annual signal. 
The linear trends of SLA from GPD+, ERA-Interim 
and MWR are 6.57 mm/yr, 6.39 mm/yr and 6.39 
mm/yr, respectively.  SLA linear trend differences 
among GPD+ and ERA-Interim or MWR are 0.18 
mm/yr. The uncertainty of global mean sea level 
due to WTC impact is less than 0.3 mm/year 
(Ablain et al., 2009; Legeais et al., 2014). 
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Figure 3. Inter-annual and linear trend comparison of various SLA: SLAGPD+ (blue line), SLAERA (green line) and 
SLAMWR (red dash line) 
 
CONCLUSIONS 
 
In this study, the assessment of various WTC has 
been performed for the Indonesia seas using 
TOPEX/Poseidon, Jason-1 and Jason-2 data for a 
period of 24 years. Table 1 shows the selected set 
for the various range and geophysical corrections 
and mean sea surface models, which were used to 
estimate the SLA time series for this region. 
For most of Satellite altimetry missions, the GPD+ 
corrections reduce the SLA variance when 
compared to Microwave Radiometer (MWR) and 
ERA-Interim, particularly in the coastal zone. This 
is expected since GPD+ is based on actual 
observations, not only from the on-board MWR 
but also from GNSS and SI-MWR. 
Results show the effect of using different WTC in 
the computation of SLA time series. The SLA time 
series derived WTC from GPD+, ERA-Interim and 
Microwave Radiometer (MWR) are 6.57 mm/yr, 
6.39 mm/yr and 6.39 mm/yr, respectively.  The 
difference of SLA linear trend is 0.18 mm/yr in 
agreement with a drift uncertainty of global mean 
sea level affected by WTC. 
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